The study goals were to: 1) define the relationship between body mass index (BMI) and insulin resistance in 314 nondiabetic, normotensive, healthy volunteers; and 2) determine the relationship between each of these two variables and coronary heart disease (CHD) risk factors. BACKGROUND The importance of obesity as a risk factor for type 2 diabetes and hypertension is well-recognized, but its role as a CHD risk factor in nondiabetic, normotensive individuals is less well established.
Results of the Third National Health and Nutrition Examination Survey (NHANES III) have documented the fact that obesity has become a national epidemic (1) . The importance of obesity as a risk factor for type 2 diabetes (2) and hypertension (3) has been well recognized, but its role as a coronary heart disease (CHD) risk factor in nondiabetic, normotensive individuals has been less well established. In this context, two issues seemed worthy of inves-
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tigation in order to define more clearly the relationship between obesity and CHD. Although insulin resistance is often considered to be the link between obesity and type 2 diabetes, hypertension, and CHD risk, there is evidence that obese and overweight individuals can also be insulinsensitive (4 -6) . Thus, the first goal of this study was to define the relationship between resistance to insulinmediated glucose disposal and body mass index (BMI) in a large group of healthy, nondiabetic volunteers.
Our second goal was to clarify the relative impact of obesity, per se, as distinguished from insulin resistance, on CHD risk factors. Given the difficulty in achieving success in weight control programs (7) , it would be helpful to identify a subset of obese individuals who would benefit the most from weight loss and, therefore, be given the highest priority in weight loss programs.
The present report describes the relationship between BMI and insulin resistance in 314 nondiabetic, normotensive, healthy volunteers and defines the association of conventional CHD risk factors with obesity and insulin resistance.
METHODS
The data to be analyzed represent information gathered on 314 volunteer subjects, 186 women and 128 men, who had participated in our research studies from 1990 to 1998. Subjects included in the evaluation had no history of diabetes, CHD, or hypertension. In addition, they had normal findings upon physical examination and routine laboratory tests and were nondiabetic (8) . The majority of participants were Caucasian (77%), with a small percentage of individuals of Asian (12%), Hispanic (10%), and African ancestries (1%). The volunteers had a mean Ϯ SD age of 46 Subjects were weighed on an electronic scale to the nearest 0.01 kg in hospital garments, height was measured to the nearest 0.01 cm without shoes, and BMI was calculated by dividing weight in kilograms by the square of the height in meters. Fasting plasma glucose and insulin concentrations were measured before and 30, 60, 120, and 180 min after the ingestion of a 75-g oral glucose challenge. The total integrated glucose and insulin responses were quantified by calculating the glucose and insulin area under the curve by use of the trapezoidal method. The analytical methods used for determining plasma glucose and insulin concentrations were similar over the duration of the study, as were those used for the determination of fasting concentrations of total cholesterol, triglycerides (TG), high-density lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol (9 -11) . Insulin-mediated glucose disposal was estimated by a modification of the insulin suppression test (12) as introduced and validated by our research group (13) . After an overnight fast, an intravenous catheter was placed in each arm of the patient. One arm was used for the administration of a 180-min infusion of octreotide, insulin, and glucose, and the other arm was used for collecting blood samples. Blood was sampled every 30 min initially and then at 10-min intervals from 150 to 180 min of the infusion to determine the steady-state plasma insulin (SSPI) and glucose concentrations for each individual. Because SSPI concentrations are similar for all subjects, the steady-state plasma glucose (SSPG) concentration provides a direct measure of the ability of insulin to mediate disposal of an infused glucose load; the higher the SSPG, the more insulin-resistant is the individual.
The population was divided into three categories of BMI as proposed by the National Institutes of Health (14) The relationship between BMI and SSPG concentration was depicted in the form of a scatter plot, and Pearson and Spearman correlation coefficients were calculated. Individuals were defined as insulin-sensitive and insulin-resistant if they were in the lower (SSPG Ͻ4.66 mmol/l) and upper (SSPG Ͼ8.38 mmol/l) SSPG tertiles of the sample, respectively.
Simple and partial (adjusting for sex) correlation coefficients were calculated, first between each of the nine CHD risk factors and BMI, and then between each of the nine CHD risk factors and SSPG.
Multiple regression analyses were performed to evaluate whether the prediction of each of the nine CHD risk factors from the level of BMI would be modified if the degree of insulin resistance (SSPG) and an interaction between obesity (BMI) and insulin resistance (SSPG) were known in addition to the BMI. Two regression models were employed to evaluate these relationships. In model A, each risk factor was regressed on BMI and SSPG jointly. In model B, each risk factor was regressed on BMI, SSPG, and an interaction term. The interaction term was calculated by multiplying BMI and SSPG for each individual. Furthermore, using the results of regression model B, each of the nine CHD risk factors and BMI were graphed as continuous variables, while holding SSPG constant at three levels, namely, the means of the lower (insulin-sensitive), intermediate, and upper (insulin-resistant) SSPG tertiles of the sample.
RESULTS
The demographic characteristics of three obesity categories are listed in Table 1 , as are the values for SSPG concentration. The ages and gender distributions of the three groups were similar. The BMI values were significantly different, and the higher the BMI category, the greater the SSPG concentration (p Ͻ 0.05). Table 1 also presents the values for the CHD risk factors assessed in the three experimental groups, and it can be seen that all of these variables worsen as BMI increases.
The relationship between BMI and SSPG concentration in the entire population is shown in Figure 1 . Although the Pearson correlation coefficient between the two variables was of statistically significant (r ϭ 0.465, p Ͻ 0.001) magnitude, only 22% (r 2 ) of the variability in SSPG concentrations within this sample could be attributed to the association with BMI. It should be noted that the nonparametric (Spearman correlation coefficient) relationship be- 2 ). Indeed, approximately 25% of insulin-resistant individuals were of normal weight, and the same proportion was obese. Table 2 shows the simple and partial (adjusting for sex) correlation coefficients between BMI and SSPG and each of the nine CHD risk factors. Although these relationships were all statistically significant, there were notable differences in their magnitude. The BMI correlations were higher than SSPG correlation for age, SBP, total cholesterol, and LDL cholesterol. On the other hand, SSPG correlations were higher for DBP, TG, HDL cholesterol, glucose response, and insulin response. It should be noted that these findings did not change when adjusted for differences in sex. Table 3 shows the results of multiple regression analyses when the relationships between each CHD risk factor and BMI and SSPG were further quantified. The results using model A show that BMI was an independent predictor of SBP, total cholesterol, and LDL cholesterol concentrations, whereas SSPG was not. Conversely, SSPG was an independent predictor of DBP and glucose response, whereas BMI was not. Furthermore, both BMI and SSPG were independent predictors of TG, HDL cholesterol, and insulin response; however, SSPG was a stronger predictor of these risk factors as indicated by higher, and statistically significant, standardized regression coefficient values. Finally, the results of regression model B provide additional insights into these relationships, showing that the interaction term was the only independent predictor of glucose response and insulin response, whereas the interaction term, SSPG, and BMI all independently predicted HDL cholesterol. The results of multiple regression analyses using model B are graphically presented in Figure 2 . In each panel, the regression lines describe the expected CHD risk factor as a function of obesity (BMI) at the mean SSPG concentration for the insulin-resistant (11.68 mmol/l), intermediate (6.33 mmol/l), and insulin-sensitive (3.37 mmol/l) SSPG tertiles. Data are given as mean Ϯ SE (range) or percentage of subjects; p value is for the differences among the three BMI groups by one-way analysis of variance, except for gender distribution differences, calculated using chi-square test. BMI ϭ body mass index; DBP ϭ diastolic blood pressure; HDL ϭ high-density cholesterol; LDL ϭ low-density cholesterol; SBP ϭ systolic blood pressure; SSPG ϭ steady-state plasma glucose; TG ϭ triglycerides. Partial correlation coefficients were calculated after adjusting for differences in gender; all p values are Ͻ0.001 except for *p Ͻ 0.05 and †p ϭ 0.16. BMI ϭ body mass index; DBP ϭ diastolic blood pressure; HDL ϭ high-density cholesterol; LDL ϭ low-density cholesterol; SBP ϭ systolic blood pressure; SSPG ϭ steady-state plasma glucose; TG ϭ triglycerides.
The figure shows that increasing levels of SSPG did not particularly modify the predicted SBP, LDL cholesterol, and total cholesterol. On the other hand, the predicted DBP, glucose response, and more strikingly, TG, HDL cholesterol, and insulin response were clearly higher at the insulin-resistant SSPG concentration.
DISCUSSION

Relationship between obesity and insulin resistance.
The results of the current, population-based study provide additional insight into the relationship between obesity and insulin resistance and are reasonably similar to the only published study (4) in which this relationship has been evaluated in a large number of individuals using a specific method to determine insulin-mediated glucose disposal. In addition to supporting previous results (16 -18) that differences in weight modulate insulin action, the data presented provide a quantitative estimate of the role of obesity in regulating insulin-mediated glucose disposal. The relationship between BMI and SSPG shown in Figure 1 and Table  1 indicates that only approximately 22% of the variability in SSPG concentration (r 2 ) in this healthy volunteer population can be attributed to differences in BMI, an estimate that is consistent with the report (4) of the European Group for the Study of Insulin Resistance (EGIR). This group quantified insulin action in 1,146 nondiabetic, normotensive individuals with the euglycemic, hyperinsulinemic clamp, and it also defined insulin resistance as the value of insulin-mediated glucose disposal in the lowest 10% of the normal weight population (BMI Ͻ25.0 kg/m 2 ). With this criterion they found 26% of the obese individuals (BMI Ͼ 29.0 kg/m 2 ) to be insulin-resistant. This estimate is similar ␤ ϭ standardized regression coefficient; BMI ϭ body mass index; CHD ϭ coronary heart disease; DBP ϭ diastolic blood pressure; HDL ϭ high-density cholesterol; LDL ϭ low-density cholesterol; R A ϭ multiple correlation coefficient for model A; R B ϭ multiple correlation coefficients for model B; SBP ϭ systolic blood pressure; SSPG ϭ steady-state plasma glucose; TG ϭ triglycerides.
940 4, 2002:937-43 to our finding that only 25% of our population in the upper tertile of insulin resistance had a BMI Ͼ30.0 kg/m 2 . Similar quantitative estimates of the magnitude of the relationship between obesity and insulin resistance can be found in a case-control study involving both Pima Indians and Caucasians (18) in which approximately 25% of the variability in insulin action could be ascribed to differences in body weight. Because these studies excluded patients with diabetes and/or hypertension, syndromes known to be both more common in obese individuals and associated with impaired insulin action independent of obesity (19) , the estimates of the relationship between obesity and insulin resistance are applicable only to individuals without any disease known to affect insulin action. One important caveat that must be made as to our estimate of the magnitude of the relationship between obesity and insulin-mediated glucose disposal is the use of BMI as the measure of obesity. This decision was based upon our attempt to relate our findings to the NHANES III results, but it should be noted that the conclusions of the EGIR investigators (4) was independent of the estimates of obesity used in that "neither the waist circumference, nor the waist-to-hip ratio, indices of body fat distribution, was related to insulin sensitivity after adjustment for age, gender, and BMI." Relationship between obesity, insulin resistance, and type 2 diabetes. The results of this study provide relevant information concerning the link between obesity and insulin resistance and the development of type 2 diabetes. Several prospective studies have shown that degree of insulin resistance and/or hyperinsulinemia are strong predictors of type 2 diabetes in normal glucose tolerant individuals (20 -25) . It is obvious from Figure 2 that, at any given BMI, the most insulin-resistant tertile had plasma insulin concentrations that were three to four times higher than those in the most insulin-sensitive tertile. It should also be noted that the individuals in the most insulin-resistant tertile were also the most glucose intolerant, a change that also increases their risk of developing type 2 diabetes (20) . Based upon these considerations, it can be concluded that overweight/ obese individuals are not at equal risk to develop type 2 diabetes, and those in the lowest insulin-resistant tertile are at less risk of developing type 2 diabetes than an insulinresistant individual of any weight. Relationship between obesity, insulin resistance, and CHD. The results presented also provide considerable insight into the relationship between obesity, insulin resistance, and CHD risk. Insulin resistance and/or compensatory hyperinsulinemia have been shown to predict CHD in nondiabetics (26 -30) , although it is not clear if this is a direct effect or secondary to the risk factors present in these individuals (31) . The metabolic abnormalities most closely related to insulin resistance are hyperinsulinemia, some degree of glucose intolerance, hypertriglyceridemia, and a low HDL cholesterol concentration (31), changes that have been shown to increase CHD risk (26 -34) . In our study we have demonstrated that, for a given level of obesity, these metabolic abnormalities are clearly accentuated in the most insulin-resistant tertile (Table 3 and Fig. 2) . Thus, whether it is insulin resistance, per se, or its most common manifestations that increase CHD risk in insulin-resistant individuals, these changes are not present in obese individuals who are insulin-sensitive. Conclusions. The results presented have reaffirmed the fact that the greater the BMI, the more insulin-resistant the individual. At the same time our results show that overweight/obese individuals can be insulin-sensitive and that normal weight subjects can be insulin-resistant. In addition, we have differentiated between the relative impact of overweight/obesity and insulin resistance on CHD risk factors, demonstrating that insulin resistance at any given BMI accentuates the risks of both type 2 diabetes and CHD. Implications of these findings are self-evident; the most intensive efforts to reduce risk of type 2 diabetes and CHD in overweight/obese individuals should be focused on those individuals who are also insulin-resistant.
